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The widespread use of manual screening for the early diagnosis of cervical cancer and the high cost of this screening have prompted research into automated systems. For automatic discrimination between normal, premalignant, and malignant cells several cell variables have been used: cell diameter; nuclear: cytoplasmic ratio; nuclear density; and the so called Minkowski gradient, which relates area, perimeter, and connectivity of the cell image. '-7 The programmes designed to evaluate these variables require from three to six minutes for each slide. ' Erhardt et al reported that parallel processing should enable a high resolution analysis of a sample containing several thousand cells to be obtained in about one minute. ' The principal tasks of a high resolution system for automated cytology are locating the cell, segmentation, and feature extraction of the cell image, as described by Erhardt et al.
I
The aim of this study was to try a new approach to the speedy but reliable detection of malignant and premalignant cells in cervical smears, using immunocytochemical staining with monoclonal or polyclonal antibodies, or both for the epithelial membrane antigen, and haemalum nuclear counter staining.'0 This is a standard histochemical procedure, but further details of the application to epithelial membrane antigen immunocytochemistry have been reported elsewhere. '0 12 Material and methods Cervical cells were obtained, using a wooden Ayres Accepted for publication 3 May 1985 spatula or an acryl cotton tipped applicator, from 37 patients attending family planning and gynaecological clinics in the London area. Two specimens were taken from each woman. The first was used for conventional Papanicolaou staining, the second for immunocytochemical staining. The specimens for immunocytochemistry were stored before evaluation in Cellfix (0O1% dithiothreitol, 0-05M phosphate buffer pH 7-0 in 40% v/v aqueous ethanol) as recommended by Husain et al. 7 The cells were dislodged by agitation and then dispersed by syringing.'0 They were centrifuged, resuspended, and washed twice in phosphate buffered saline, pH (the final cell suspension used to form the smear was a 1:2 dilution based on the volume of the final cell pellet). The preparations for the monolayer were made as described by Mukawa et al.9 Two 25 ,ul drops of the cell suspension were placed on a slide and spread to an area of 800 mm2. The suspensions were spread by shearing between parallel slides.9 This was a helpful technique in eliminating overlapping clumps of cells that could have given false signals in the subsequent analysis. These preparations were consistent with the special requirements of the Leitz TAS automated analysis of the image when applied to automated screening of smears, as described by Schwarz et al. " The preparations were stained by an indirect immunoalkaline phosphatase method using either polyclonal rabbit antisera or two monoclonal antibodies (77.1 and 8.30.3).1o 12 Alkaline phosphatase was shown by the formation of an azodye between naphthol AS BI base (CI 37085) released by action Automated screening of cerival smears using immunocytochemical staining: a possible approach of the enzyme and fast red TR salt (CI 37566), a standard histochemical procedure. ' In our study the binding of the antiepithelial membrane antigen and second antibody and the subsequent enzymatic reaction were each carried out during incubation for one hour at room temperature, which caused the cytoplasm and the membrane of abnormal cells to be stained deep red. The nuclei were counterstained blue with Mayer's haemalum for five minutes followed by washing in tap water (pH 7.8-8-4) for a further five minutes. The haemalum stain was made by the iodate oxidation method. '4 The development of the blue colour was accelerated by a one to two second exposure of the stained slides to saturated lithium carbonate solution. The immunocytochemically stained smears were mounted in glycerol jelly (pH 5.8) '4 control and data analysis. This system has been used to study cervical smears according to nuclear size and density. '5 The optical system of TAS includes a 100 W 12 V quartz halogen lamp with a tungsten filament run at a colour temperature of 3400°K. There are two infrared absorbing filters in the lamp housing. The light passing through the specimen is focused by the microscope on to the photosensitive surface of a 0 25 inch Plumbicon video camera tube (peak response at 500 nm). Between the lamp and the microscope an Ilford 307 "cyan" gelatine filter was inserted (maximum transmission at 480 nm in white light). Correction for the red bias of the light source and for the wavelength response of the video camera shifted the maximum effective transmission to 500 nm ( Fig. la curves fl and f2) . Fig. 1 shows the absorption of the azodye used to detect epithelial membrane antigen in the cytoplasm and of the haemalum nuclear stain. These spectra were obtained by macroscopic evaluation of stained foils and microscopic evaluation using a scanning and integrating microdensitometer for stained cervi- 888 cal smears (Vickers type M85a). The stained foils (Fig. la) were prepared as described by Baker'5 except that Visking cellulose acetate sheet cut into 3 x 1 cm pieces from dialysis tubing was used rather than formolised gelatine. Napthol AS BI base was put on the sheet in 50% aqueous dimethylformamide, and, after excess solution had been wiped off, the ayodye was developed in a solution of fast TR salt and sodium bicarbonate.
Other sheets were impregnated with haemalum solution in a similar manner, and the dye was fixed by placing the foil in a dilute bicarbonate solution after an initial rinse in tap water.
Microscopic evaluation (Fig. lb) entailed measuring the spectrum of the cytoplasm of two cells strongly stained with the red azo dye and the nuclei of two other cells with weak cytoplasmic staining. In both Figs. la and lb the maximum absorption of the red staining is at 510 nm and that of the blue nuclear staining at 570 nm. The spectrum of the nuclear staining agrees with that described by Baker.'5 Computer analysis of the image produced by the video camera was carried out using the TAS system. The output from the video camera was digitised into a 256 x 256 set of picture elements (pixels) arranged in a hexagonal network. Two main controls were exerted in converting this output into an image for computer memory-namely, control of thresholds and erosion of the initially formed image. The threshold controls consist of two console settings, one of which was kept at zero while the other was initially varied by equal steps until an optimal value was obtained (Fig. 2) . The threshold controls thereby determine the minimum optical density befow which the computer will not register the presence of a discernible feature in the microscopic field. Each pixel is mapped on to a single element (bit) of computer memory. The total array of elements, related logically to the spatial array of pixels and hence to the arrangement of the microscopic field, is known as a "bit plane." A bit in the plane is " set"-that is, logical 1-if the signal from the corresponding pixel falls within the threshold, otherwide the bit is "cleared"-that is, logical 0. To identify the boundary of an object those bits that are set but have at least one adjacent bit cleared are identified. A significant microscopic object is then defined as one or several contiguous set bits completely surrounded by cleared bits.
Erosion is a process that can be repeated several times on the computerised image of a microscopical object. At reduce the size of the image of an object in the bit plane by the equivalent of twice the interpixel distance. As there are 256 pixels across and 256 down the field of the camera the interpixel distance is 1/255 of the width of field viewed by the camera. In our system the distance in the microscope corresponding to the interpixel distance was 1-3 ,um, and so each erosion reduced the diameter of the object as seen by the computer by 26 ,um. Fig. 2 shows the effect of jointly varying the threshold and number of erosions for a test slide containing one dyskaryotic cell and about 50 normal squamous cells and polymorphs.
There is a certain elliptical area in which the single dysplastic cell is recognised and other objects in the field are ignored. Specificity increased with a decrease in the threshold (equivalent to an increase in threshold optical density) and an increase in the number or erosions up to a point at which the dysplastic cell itself was no longer recognised. Within the region in which identification was correct it was possible to confirm that the dysplastic cell was specifically recorded, as the monitor screen display that accompanies the process of erosion highlights this cell alone.
In subsequent studies an operating point was chosen from the centre of this region-that is, with the threshold set at 26 and with three erosions. Before embarking on a detailed analysis of the clinical material about 30 or 40 fields from different smear preparations were examined in an interactive manner to confirm that the chosen operating conditions did, in Automated screening of cerival smears using immunocytochemical staining: a possible approach fact, give a reliable evaluation of the number of abnormal cells in a variety of materials. It was found that the number of adjacent cells within clusters could also be correctly evaluated provided that the cells did not overlap each other (Fig. 3b) .
The area of field at this magnification was 0 11 mm2 and contained about 50 cells. For each smear a total of 10 independent fields were evaluated equivalent to 1/700 of the total smear area and containing about 500 cells in total.
Results
On the basis of cytological findings the 37 cases examined were classified into five groups: apparently normal individuals (group 1), patients with cervical intraepithelial neoplasia (CIN/CIN I, CIN II, CIN III (groups 2, 3, 4)), and patients with invasive carcinoma of the cervix (group 5). Eighty seven monolayer preparations were prepared from smears from these patients. The important features of the monolayer preparations were the predominantly I homogeneous distribution of the cells in the smear, an absence of overlapping, and a reduced background due to mucus and cellular debris (Fig. 3) . Table 1 shows the results of the examination of the smears by automated screening. The results were in agreement with the cytological findings, with the exception of two false negative and three false positive findings. In the slides stained by polyclonal antibodies the true positive counts ranged from one to 25 cells in 10 fields. There were three smears that gave a count of one and there were two counts of two cells, but the remaining counts ranged from four to 21 abnormal cells with a modal value of 12 cells.
As for the monoclonal antibodies, smears stained with these reagents generally did not show the same abnormal cell count as the corresponding slide stained with the polyclonal reagent. This feature was especially noticeable in the group with cervical intraepithelial neoplasia grade I, in which there was one false negative result, four smears with only one abnormal cell counted, and the range of the remainder was between two and seven cells. The false nega- Automated screening of cerival smears using immunocytochemical staining: a possible approach is confirmed by observations in the spectrum of the nuclear region of a heavily stained cell. The maximum absorption was at 510 nm, confirming a considerable contribution of cytoplasm.
Discussion
The main aim of this study was to test a new approach for the image analysis of cervical smears. Immunocytochemical staining as a basis for automated screening analyses has not previously been described. For this procedure we used combined cytoplasmic and nuclear optical density after immunocytochemical and nuclear staining. The abnormal cells were detected by their strongly positive expression of epithelial membrane antigen. The counter staining of the nuclei with haemalum has a complementary effect, which may increase the sensitivity of the method and allow the discrimination of individual cells in small groups. Immunocytochemical staining of cervical smears, produces an occasional staining of certain metaplastic cells, which can be problematic.'0 Both immunocytochemical and nuclear staining were weaker with metaplastic than with dysplastic cells (Fig. 3c) . Staining for both enhances the discrimination. Those metaplastic cells encountered in some of the smears from this study were not counted as abnormal by inclusion in the mask.
The process of erosion and also the setting of thresholds of optical density both play a part in determining overall specificity of the system. According to the evidence of Fig. 2 , at least two erosions are required before the background from normal squamous cells, polymorphs, and debris is eliminated. Two erosions eliminate all objects with minimum diameter of above threshold staining of less than 5-2 ,m. If the interior is not optically dense, however, erosions will occur both at an interior and at an exterior boundary; the overall effect will be twice as great, so that with two erosions objects less than 10*4 ,um will be lost.
Although the nuclear staining viewed at 500 nm is weak in comparison with the cytoplasmic staining (Table 2) , the absence of a nuclear stain would create a weakly stained centre of the cell, which could suffer excessive erosion. Only with dyskaryotic cells does there seem to be a large area of heavy staining affecting both the nucleus and the cytoplasm, and the nuclear area includes a considerable cytoplasmic contribution to the optical density.
A comparison of findings on image analysis with the cytological findings showed differences in five out of 87. In the three positive preparations there were problems with the preparation of the slides that are unlikely to occur as often in an automated laboratory-namely, the inclusion in the mounted slides of air bubbles or overlapping clumps of cells.
One false negative result was obtained in a specimen with mild dyskaryosis with very weak staining of the dyskaryotic cells when stained with the monoclonal antibody 8.30.3, and the other was in the group with cervical intraepithelial neoplasia grade III, in which occasional low counts were found by the polyclonal antibody. The rate of false positive error of 3% and the rate of false negative error of about 2% relative to the total number of specimens examined is encouraging for the further development of automated screening, in view of the sensitivity of the system to early lesions. Manual prescreening of good quality smears of difficult specimens has been reported to give rates of 4% (false positive) and 6% (false negative). '6 In practice, specificity is of great importance if the need for human intervention in the automated process, with a consequent of both time and resources, is to be avoided. The rate of scanning is also important, however, as different procedures can vary considerably, depending on the variable to be evaluated and the computer power available. '9 In this preliminary study a total of 500 cells (10 fields) were scanned, a number that has been regarded as suitable for effective diagnosis.4" The occasional observation of a single abnormal cell in 10 fields, however, suggests that a better result would be obtained by at least doubling the number of fields examined, so as to reduce the chance of a false negative result by statistical fluctuations.
To scan 20 fields would require one minute with the system as we have used it. The TAS system uses basic computer operations common to a variety of systems for recognising patterns. The process that seems to limit the rate of evaluation is the time required for the repeated erosions. An increase in the rate of processing of the samples would be expected if the magnification between smear and videoscan was reduced. This would increase the number of cells in each field and reduce the number of erosions necessary for a given reduction of the dimensions in the computerised image. This increase, must be combined with three periods of incubation in the immunoenzymatic procedure-, which require three hours plus time for intermediate washes. About 200 smears would need to be in preparation at any one time in order to match an evaluation time of one minute. Preliminary work suggests that the time for incubation could be reduced without a reduction in the quality of staining.
This study shows that immunocytochemistry may enhance the discriminating power of automated screening of cervical smears. More work is needed to test the reproducibility, stability, and standardisa-892 tion of the staining procedures. The use of monoclonal antibodies could help to make the procedure more reproducible in the long term, though our results suggest that staining with these antibodies would benefit from using a mixture of antibodies with several independent epitopes. Any procedure that enhances the contrast between normal and abnormal cells is likely to reduce the cost of the equipment necessary for analysis of the image. On the basis of the present study automated screening of immunocytochemically stained cervical smears is considered to be worthy of further study as a potentially speedy and reliable method.
